Wild type females having the full complement of PRs exhibited high levels of lordosis, while the homozygous females showed minimal lordosis in response to dopamine. To determine whether this reduced response was due to a general lack of ability to express lordosis, mice were treated with another neurotransmitter, serotonin. No significant difference in the serotonin-facilitated lordosis response was observed between the wild type and the homozygous females. We conclude that multiple signal transduction pathways coexist in the neuroendocrine system for
INTRODUCTION
We have reported previously that certain steroid receptors can be activated to induce gene expression in cultured cells in the absence of their cognate ligands (1). The neurotransmitter dopamine (DA) and select peptide growth factors appear capable of such ligand-independent activation of sex steroid receptors (2, 3). In studies using antisense oligonucleotides to progesterone receptor (PR) mRNA delivered into the third intracerebral ventricle of rats, we reported elimination of in viva reproductive behavior, lordosis, in response to both progesterone (P) and DA (4). To definitively show that the unoccupied PR is required for DA-induced sexual behavior in viva, we turned to a genetically altered mouse model (5).
In ovariectomized female mice, as in other rodents, exogenously administered estradiol benzoate (EB) followed by P is effective in inducing sexual receptivity (6) (7) (8) . Although a critical role for hypothalamic PR in the induction of sexual receptivity has been established using PR antagonists (9-11) and antisense oligonucleotides
(1 l-l 3) in rats and guinea pigs, less is known about its role in the mouse, a species in which sexual receptivity is influenced by genotypic and strain differences in addition to experiential factors (8, 14) . We have recently reported the generation of a PRKO (PR Progesterone Receptor and Dopamine in PR-KO Mice 1729 knockout) mouse carrying a null mutation for the PR gene using gene targeting strategy (5). Preliminary studies demonstrated that adult female mice homozygous for the PR mutation did not exhibit high levels of lordosis in the presence of sexually experienced wild type males (5). We now report the results of studies examining the role of PR as a modulator of sexual receptivity in these transgenic mice. We present evidence for a crucial role for PR as a ligand-dependent transcription factor in the dopaminergic induction of sexual behavior in female mice. The importance of EB-induced neural PR for the EB + P induction of receptivity in mice is demonstrated in the correlation between receptor concentration and lordosis response. We also substantiate the ligand-independent activation of PR by DA (4) and provide further information on the role of PR as a mediator of the behavioral effect of this neurotransmitter in the facilitation of female sexual receptivity in mice. Since strain and genotypic differences with respect to hormonal induction of sexual receptivity are known to exist in female mice (7, 8) we performed a baseline study on the hormone inducibility of sexual behavior in the parental strains (C57BU6 and 129SvEv) used to generate the PR mutant mice (C57BU6 x 129SvEv). C57BU6 and 129SvEv female mice were tested for sexual behavior in the presence of C57BU6 and 129SvEv male mice, respectively. As shown in Fig. 1 , A and C, EB alone was not capable of inducing high levels of lordosis in either strain at any of the doses tested. The administration of P, 48 h post-EB priming, resulted in high levels of sexual receptivity in both All females were administered indicated doses of EB alone (A and B) or EB followed by P (100 pg) 48 h later. The hormones were administered each week for 6 weeks and tested weekly for sexual receptivity as described in Materials and Methods. Values are represented as mean LQ (lordosis responses/mounts X 100) ? SEM (n = 6-10 animals for each group). 1730 Vol 10 No. 12 strains. Although the facilitatory effects of P were similar at the higher doses of EB employed (0.5-10 pg), the lordosis quotients (LQs) for the groups primed with the lower dose of EB (~1 Fg) were low during the entire period tested (Fig. 1, B and D) .
Notably, both strains showed improved receptivity after weekly priming with EB and testing as reflected in the increase in LQs over time (Fig. 2) . Strain differences were also evident, with the C57BU6 females responding better at higher levels of EB + P stimulation than the 129SvEv females (Fig. 2) . The data included in Figs. 1 (Fig. 3A) . The binding to 3H-labeled R5020 in the MBH was equivalent to that seen in EB-unresponsive tissue, i.e. the cerebral cortex, suggesting that the residual binding could be due to low affinity-binding protein. Heterozygote females had 40% less binding than the wild types. One-way ANOVA detected a statistically significant overall effect (P < 0.0001) in receptor levels. Pairwise multiple comparison by the Student-Newman-Keuls method indicated significant changes in the receptor levels of both the homozygotes compared with the wild types (P < 0.001) and in the heterozygotes compared with the wild types (f < 0.01). and 129SvEv Female Mice Ovariectomized female mice were SC administered EB (0.5 ,ug), followed by P 48 h later. The hormones were administered every week for 6 weeks and tested weekly for sexual receptivity 6 h after P administration.
Values presented are mean LQ + SEM (n = 6-8 animals for each group). in any of the mutants tested (Fig. 4A ). Kruskal-Wallis one way ANOVA on ranks indicated a statistically significant overall effect (P < 0.0001) of hormone treatment in all groups. Dunn's method of multiple comparisons indicated statistically significant (P < 0.05) differences in the lordosis response between EB + Ptreated homozygote and heterozygote animals compared with wild type animals treated with EB + P. Repeated EB + P priming and mating experience resulted in inducing high levels of lordosis in wild type and heterozygous mice over a period of 3-5 weeks ( Fig. 4B ), a response pattern typical for mice (7, 14) . Similar treatment had no effect on the receptivity of the PRKO animals, as shown by the display of minimal responsiveness by these females throughout the period tested (Fig. 4B ).
Unoccupied
PRs are Involved in Mediating DA Effects on Female Sexual Behavior As a prelude toward examining the central vs. peripheral actions of compounds, we compared the facilitatory effects of P, administered intracerebroventricularly (icv) vs. subcutaneosly (SC), on lordosis response in EB-treated females in the presence of wild type male mice. As seen in Fig. 5 , icv administration of P into the third cerebral ventricle, via a chronic indwelling cannula, produced high levels of receptive behavior comparable to SC injection of P, in wild type mice on week 6 of testing. LQs were high in P-treated animals compared with EB-treated animals at all doses (0.5, 1, 100 pg; P < 0.01).
In earlier studies, we demonstrated the requirement for PR in mediating the effects of DA on female sexual behavior in EB-primed rats by transiently suppressing PR levels using antisense oligonucleotides to PR. To definitively substantiate this hypothesis, the facilitation of sexual behavior by a DA receptor (Dl) agonist, SKF 38393, was examined in the PR null mutants. The effects on lordosis response (LQ) of different doses of Fig. 6 . A significant effect of serotonin was seen at a dose of 50 ng as compared with the EB-treated controls (*, P < 0.05). B, The effects of serotonin on lordosis response of homozygotes and wild type PR mutants was examined using the paradigm described in Fig. 6B . The EB-primed mice received serotonin (50 ng), 48 h after EB administration. Controls were the same as described for Fig. 6 . No significant differences were seen in serotonin-facilitated responses between the wild type and homozygous PR mutants.
(P > 0.05) (n = 6 animals in each group).
cross-talk between DA and PR and extends the findings to another rodent species.
Similar to other rodents, hormonal induction of sexual receptivity in ovariectomized female mice can be MOL END0 . 1996
Vol 10 No. 12 1734 reinstated by the sequential treatment with EB and P (16). While estradiol alone restores a minimal level of sexual receptivity, it interacts synergistically with P to restore high levels of receptivity. The present data clearly indicate that regardless of EB dose, minimal receptivity is evident in animals when P is not coadministered, consistent with other reports on induction of sexual receptivity in the mouse (6). Although, the female members of a variety of rodent species appear similar in terms of the hormonal manipulations necessary for induction of sexual behavior, mice appear to differ from other rodents in one aspect. While rats can achieve maximum levels of receptivity after one or two EB + P treatments, mice require sequential treatments and testing experience to achieve a good receptivity response (6, 7) regardless of the strain. A reliable protocol for studying mouse reproductive receptivity has been generated in the course of these studies.
Studies on the two parental strains, C57BU6 and 129SvEv, from which the mutant mice were generated, indicated moderate differences in their behavioral responsiveness to exogenous hormonal stimulation similar to that observed in other strains (14) . While the C57BU6 mice were highly responsive by 3-5 weeks of priming and testing, the 129SvEv strain exhibited a slightly slower rate of development and a maximal response of a 60% LQ. Nevertheless, both strains required at least 4 weeks of repeated hormone treatment and testing to achieve their maximal level of responsiveness.
A similar trend was observed in all the experimental groups of mice, enabling us to perform our studies at this time point.
Several studies have demonstrated that P-facilitated lordosis behavior in rodents is mediated by the activation of its intracellular receptors in the MBH and preoptic area (17-l 9). The concordance between receptor levels and behavioral responsiveness observed in the present study is in agreement with these findings. Both wild type and heterozygous females exhibited high levels of receptivity while the homozygous knockouts failed to achieve minimal lordosis response. The behavioral and biochemical findings of these experiments reveal the importance of EB-induced PR in the MBH-preoptic area for the expression of female sexual behavior, confirming earlier reports (11, 13, 16, 17, 20) .
A nongenomic mechanism underlying P facilitation of sexual behavior has been proposed previously. It was based upon the very rapid observable effects after hormone exposure (21-25). The minimal responsiveness exhibited by the homozygotes argues against membrane-bound PR being the primary mediator of lordosis response in mice. However, we cannot rule out the possibility that nongenomic membrane mechanisms play a collaborative role with genomic mechanisms.
Possible relationships between membrane-bound and intracellular PR in mouse sexual behavior require further clarification.
In earlier studies using antisense oligonucleotides to PR, we demonstrated a novel mechanism by which intracellular PR could mediate the effects of DA on female sexual behavior in rats (11). Consistent with these findings, icv administration of a D, agonist facilitated high levels of lordosis in wild type female mice containing a full complement of PR, while the homozygous females lacking EB-induced PR showed low levels. While the present data clearly demonstrate that PR is required for at least one behavioral aspect of DA in female mice, its role in other active and passive behavioral components of sexual behavior (26) needs further examination.
In this context, it is worthy to note that a significant increase of DA is seen in the nucleus accumbens and striatum (27) concurrent with DA release in the ventromedial hypothalamus region of female rats during copulation (28), suggestive of its association with aspects of sexual behavior other than lordosis.
The mechanism of action of another neurotransmitter, serotonin, in the facilitation of lordosis response was also examined in our PR null mice. Previous studies in rats have suggested both inhibitory and facilitatory effects of serotonin on lordosis response (15, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Our own results clearly suggest a facilitatory role of serotonin on lordosis in mice in agreement with similar findings in rats (32, 36, 37) . It is possible that the lordosis-facilitating effects of serotonin in mice are mediated by a subpopulation of serotonin receptors as has been observed in rats (39, 40). The wild type and homozygote female mice exhibited similar facilitatory responses, indicating that the serotonin-mediated response does not require intracellular PR. This result is similar to our own unpublished observations in rats, in which the response to serotonin was not suppressed by antiprogestins or by antisense oligonucleotides to PR mRNA given icv. Importantly, this result also indicates that PR null mice are still capable of exhibiting lordosis and do not have a developmental defect that prevents a sexual behavior response. The data also suggest that the membrane receptor-dependent pathway initiated by serotonin does not converge with the intracellular PR pathway by which P and DA appear to facilitate sexual behavior, proving redundancy in sexual response pathways in the central nervous system.
It is possible that different neurotransmitters modify behavioral responsiveness to steroid hormones in rodents by affecting steroid-dependent gene transcription events differentially. Since protein phosphorylation is common to the pathways and molecular mechanisms through which both neurotransmitters and steroid hormones produce their biological effects (41, 42) , it is plausible that multiple signal transduction pathways interact (or synergize) to achieve the eventual behavioral response. 
